Context: Iodine deficiency is the leading cause of preventable neurodevelopmental delay in children worldwide and a possible public health concern in Haiti.
I
odine deficiency is the leading preventable cause of cognitive delay in children worldwide (1, 2) . In Haiti, the few studies undertaken to date suggest that it may be a significant public health problem (2) (3) (4) (5) , although the prevalence of iodine deficiency in infants and young children, a population most at risk for cognitive sequelae, has not yet been assessed. Additionally, relatively little is known about the presence of environmental sodium/ iodide symporter inhibitors, found in staple foods consumed in many low-income countries or as environmental exposures that decrease the thyroid uptake of iodine (2) . Current treatment initiatives would benefit from comprehensive survey data on iodine deficiency in Haitian children and an assessment of the impact of environmental inhibitors.
Iodine is a micronutrient found in soil and groundwater (6) , and it is essential for thyroid hormone production. Seventy percent of the Haitian population subsists in an agriculture-reliant economy, resulting in heavy soil erosion (2) . Insufficient dietary intake of iodine from plants and livestock grown in these regions may lead to iodine deficiency and, subsequently, impaired production of thyroid hormone and a spectrum of adverse health outcomes known as iodine deficiency disorders (2, 7) . The most devastating effects of thyroid dysfunction are seen in fetal and child development, ranging from mild to severe impairment in growth and neurocognition, and including infant mortality. The wider public health impact is reflected in the reduced social productivity and economic development in low-income country populations (1, 2, 7) .
Moderate to severe iodine deficiency has been reported in coastal regions of Haiti, despite potential access to iodine-rich seafood (2, 3, 6) . Salt iodization is considered the most effective preventive measure against iodine deficiency disorders, and international efforts to implement a universal salt iodization program have proven effective in .30 countries (8) . Such a program has yet to be fully implemented in Haiti (2) . In the context of limited production capacity of the only salt iodization plant in the country, local salt provision initiatives and collaborative government and charitable efforts to establish mandatory national salt iodization in Haiti are still in their infancy, and their efficacy has not yet been determined (9, 10) .
Urinary iodine is the current gold standard for assessment of iodine status in a population (1, 2, 6) . Values of 100 to 199 mg/L are considered optimal in school-aged children, whereas levels ,100 mg/L, ,50 mg/dL, and , 20 mg/dL define mild, moderate, and severe iodine deficiency, respectively (6). Levels .300 mg/dL increase the risk of adverse health consequences (1) .
Perchlorate and thiocyanate are environmental chemicals known to competitively inhibit the sodium/iodide symporter on the thyroid cell membrane at pharmacological doses. Both chemicals exert this action by disrupting the normal uptake of iodine by the thyroid, thereby decreasing thyroid hormone production. This effect may be potentiated by iodine deficiency. The thyroidal effects of perchlorate exposure at chronic environmental levels are not fully understood (11) (12) (13) (14) . High intake of thiocyanate, found in cruciferous vegetables and as a metabolite of cigarette smoke, may also inhibit thyroperoxidase by acting as a pseudosubstrate, and as such is known to increase the risk for goiter in iodinedeficient regions (15) .
The primary objective of this cross-sectional study was to assess the iodine status and thyroid health of Haitian infants and young children under the age of 7 years, using measures of urinary iodine concentration, clinical goiter assessment, and thyrotropin (TSH) concentrations. Our secondary aims were to explore potential effects of iodine deficiency on thyroid function, and to investigate the associations of iodine deficiency with geographical region, nutritional status, and the environmental disruptors perchlorate and thiocyanate.
Materials and Methods

Subjects
This cross-sectional, observational study was approved by the Boston Children's Hospital Internal Review Board and the Haitian National Bioethics Committee. A total of 299 participants were enrolled; 100 participants each were recruited from St. Marc (coastal region) and the Central Plateau (mountainous region), and 99 were recruited from Port-au-Prince (urban region). Urine specimens for analysis of iodide, perchlorate, and thiocyanate concentration and sera for thyroid function assessment were obtainable for 285 and 293 subjects, respectively.
The study population consisted of healthy Haitian infants and children recruited from participating churches during 3 months in 3 different geographical regions of Haiti: Port-auPrince (urban setting), the Central Plateau (mountainous region), and St. Marc (coastal region). In an environment in which scarce health and education services are used by the sickest and richest children, respectively, churches were identified as the most appropriate source for recruitment of a socioeconomically diverse child population. Inclusion criteria included Haitian ethnicity and an age of between 9 months and 6 years. Exclusion criteria were the presence of a chronic medical condition other than malnutrition, and residence outside of Haiti, that is, having lived outside of Haiti for .1 month during the preceding 6 months (self-reported). Written, informed consent was obtained from participants' parents.
Anthropometric measurements of weight, length (if ,2 years old), or height (if 2 years or older) and middle upper arm circumference were obtained. Infants unable to stand were weighed on a Redmon precision digital baby scale, whereas ambulatory children were weighed on a Detecto 337 eye-level hospital/physician/doctor scale. Lengths and heights were obtained using the Seca 210 (IN) mobile measuring mat for babies and toddlers and the Seca 213 portable stadiometer height rod (both Centre Aisle, LLC, Burr Ridge, IL), respectively. Using the Centers for Disease Control (CDC) percentiles and z scores based on the 2000 CDC growth charts (16), malnutrition was defined as moderate or severe [weight-for-age less than 22 or less than 23 standard deviation score (SDS), respectively], wasting as weight-for-height of ,2 SDS, and stunting as height-for-age of ,2 SDS. A brief dietary questionnaire on breastfeeding and dietary recall during the past 24 hours was administered. To ensure the ability to report abnormal results in a setting where a child may otherwise be difficult to track down, patient names, full-face photographs, phone numbers, and house locations were recorded, and family income was documented.
Measurement of urinary iodine, perchlorate, and thiocyanate levels Spot urine samples were collected from toilet-trained children and urinary plastic bag samples from infants and children unable to void spontaneously. A single spot urine sample is the current standard for population iodine studies, as advocated by the World Health Organization (WHO) (6) . Samples were transferred to sterile tubes, frozen within 24 hours to 220°C, and transported to the Boston Medical Center for biochemical analysis. Levels of urinary iodine, perchlorate, and thiocyanate were then measured by ion chromatography-mass spectrometry (17) . The interassay coefficient of variability for the measurement of urinary iodide ranged from 2.5% to 7.8%. The limit of detection for perchlorate is 0.05 mg/L, and the interassay coefficient of variation for this method in our laboratory ranges from 2.2% to 5.9%. The limit of detection for thiocyanate is 0.5 mg/L, and the interassay coefficient of variation for this method in our laboratory is ,5%.
Measurement of thyroid function
Serum samples were obtained by venipuncture, and blood was collected in 10-mL chemistry tubes. Samples were frozen to 220°C within 24 hours of collection, shipped to the Boston Medical Center (Boston, MA), and processed at the Boston Medical Center Laboratory. Serum TSH was measured by enzyme-linked immunosorbent assay (Calbiotech, Spring Valley, CA). The laboratory reference range for TSH was 0.7 to 6.4 IU/mL for individuals aged 21 weeks to 20 years. Given that none of the subjects had an elevated TSH level, free thyroxine measurements were not performed. The presence and size of goiter were determined by inspection and palpation of the thyroid gland, using the WHO classification and grading system (6). The church community was notified about the state of iodine sufficiency in their catchment area.
Statistical analysis
Study data were collected and managed using REDCap electronic data capture tools hosted at Boston Children's Hospital (18) . Statistical analysis was conducted using SAS software version 9.4 (SAS Institute, Cary, NC). SDS for weight, height, weight-for-height, and height-for-age were calculated using the CDC percentiles and z scores based on the 2000 CDC growth charts (16) . Standard descriptive statistics were used to evaluate subject characteristics, including mean and standard deviation (SD) or median and interquartile range (IQR), as appropriate, for continuous variables. We used a Student t test and Wilcoxon rank sum test, and for group comparisons analysis of variance and Kruskall-Wallis test, for normal and nonnormal data, respectively. A least square means and Wilcoxon rank sum test with a Bonferroni correction were used for post hoc pairwise comparisons. Linear regression and a Pearson correlation were used to assess relationships between iodine status, thyroid function, the presence of goiter, and levels of urinary perchlorate and thiocyanate. Statistical significance was defined as P , 0.05.
Results
Subject baseline characteristics
Baseline characteristics of the 299 enrolled participants are documented in Table 1 , of whom 150 (50.7%) were female. There was no significant difference between participants from each region in terms of sex (P = 0.56), median family income (P = 0.51), or age (P = 0.15). As many as 16% of children had moderate to severe malnutrition as defined by weight-for-age less than 22 and less than 23 SDS, respectively. Similarly, 7.6% had wasting as defined by weight-for-height less than 22 SDS, and 14.1% were stunted as defined by height-for-age less than 22 SDS. Children in the mountainous region were significantly more likely to be malnourished (P = 0.01), stunted (P , 0.0001), and have smaller middle upper arm circumference (P = 0.004). Wasting was comparable in all 3 regions (P = 0.25). Breastfeeding duration differed in the 3 regions (P = 0.0002), with a lower proportion of infants never breastfed, and a higher proportion breastfed for .6 and 12 months in the mountainous vs urban region (P = 0.005) and mountainous vs coastal region (P = 0.0006). Overall, 7.6% of participants were currently breastfed, which differed between regions (P = 0.04): breastfeeding rates were higher in the mountainous region (13.6%), although this only reached significance in comparison with the urban region (3.3%, P , 0.02) but not the coastal region (6.1%, P = 0.14). Recall of dietary habits was challenging to obtain but diet composition did not significantly differ between regions. Except for breast milk intake, which was highly predictive of higher urinary iodine (P , 0.0001), no other dietary item was a predictor (data not shown).
Urinary iodine
Across the 3 groups, the median urinary iodide level was 128 mg/L (interquartile range [IQR] , 76 to 214 mg/L), which is in the sufficient range (100 to 199 mg/L) ( Fig. 1) as defined by the WHO for school-aged children (6) . Adequate median urinary iodide levels were detected in coastal St. Marc (145 mg/L; IQR, 97 to 241) and urban Port-au-Prince (187 mg/L; IQR, 92 to 316). However, significantly lower levels, likely consistent with mild iodine deficiency, were detected in the mountainous Central Plateau region (89 mg/L; IQR, 56 to 129; P , 0.0001 for group and pairwise comparisons).
Thyroid function
There were no abnormal elevations of serum TSH in any of the study participants. Median TSH values are shown in Table 2 . There was no significant difference between the 3 study regions (P = 0.31). Two grade 1 goiters were documented in the coastal St. Marc region.
Urinary perchlorate and thiocyanate
Median levels of urinary perchlorate were 1.7 mg/L (IQR, 1 to 3.3) and were lower than geometric mean values reported for the US population (19) ( Table 2 and Fig. 1 ). Levels between regions differed marginally (P = 0.05), and pairwise comparison revealed significantly lower levels in the mountainous vs coastal region (P = 0.008), and a trend toward lower levels in the mountainous vs urban region (P = 0.07) and urban vs coastal region (P = 0.13). Median urinary thiocyanate levels were not abnormally elevated (232 mg/L; IQR, 122 to 427) and did not differ across regions (Table 2 and Fig. 1 ).
Correlation and predictors of urinary iodide content
There was a weak positive correlation between both urinary iodide and urinary thiocyanate (r = 0.31, P , 0.0001) and between urinary iodide and urinary perchlorate (r = 0.22, P = 0002) ( Table 3) .
In bivariate analyses, urinary iodide levels were significantly higher in females as compared with males [median values of 148 (IQR, 89 to 227) vs 110 mg/L (IQR, 62 to 199), P = 0.009], and younger age was weakly correlated with higher levels (r = 20.12, P = 0.04). In univariate analyses, younger age, height z score, region, perchlorate, thiocyanate, and breastmilk intake, but no other food items, were predictive of higher urine iodide levels (Table 4) . In a multivariate model including age, sex, weight z score, height z score, family income, region, urinary perchlorate and thiocyanate content, and current breastfeeding (Table 5) , the only significant predictors of higher urinary iodide content were the presence of breastfeeding (P , 0.0001), higher urinary Definitions: wasting = weight-for-height less than 22 SDS; stunting = height-for-age less than 22 SDS. a Group comparison showed significant difference between the mountainous region as compared with the coastal and urban regions. press.endocrine.org/journal/jcemthiocyanate (P , 0.0001), higher urinary perchlorate (P = 0.01), and living in the urban region as compared with the mountainous region (P = 0.01).
Discussion
We found evidence of mild iodine deficiency in the mountainous Central Plateau region of Haiti, where young children had relatively high levels of malnutrition and stunting, and higher breastfeeding rates as compared with the other 2 regions. In the urban and coastal regions, we documented iodine sufficiency. Furthermore, we found no abnormalities in thyroid function and urinary concentrations of the potential environmental thyroid disruptors perchlorate and thiocyanate. Our results are encouraging in light of recent attempts to eliminate iodine deficiency in Haiti. Initial treatment strategies include a government-established salt iodization plant in collaboration with academic and other international partners (20, 21) , charity-funded community projects (9) , and pending legislation for mandatory salt iodization (10). These efforts have been supported by promising community-based studies, which have demonstrated elimination of moderate to severe iodine deficiency and a dramatic reduction in the prevalence of lymphatic filariasis in a population of 1932 Haitian participants after a year's supplementation of salt fortified with iodine and antifilarial diethylcarbamazine (3, 22) . Ongoing challenges include community education, iodine-depleting salt-washing practices, and a lack of cooperation between decentralized small-scale providers (2) .
These results contrast with the few studies that have assessed iodine status in Haiti previously. In 1996, a study of 165 children 5 to 11 years of age recruited from a single school in a coastal region of Haiti found evidence of moderate to severe deficiency, with a median urinary iodine concentration of 38.8 mg/L and TSH values of .5 mIU/L in 78.5% of participants (3) . A more recent study in 2008 of 88 subjects 2 to 72 years of age concluded that 93% of participants were iodine deficient, with 20% falling into the range of severe deficiency (4) . Based on WHO nationally representative survey data from 2005 to 2006, 58.9% of school-aged children in Haiti were iodine deficient (1). Ten to 20 years later, the prevalence of iodine deficiency as measured in our study was significantly lower. However, although younger age in our study was associated with higher urinary iodide levels, this effect lost significance in the multivariate model. Alternatively, current breastfeeding was highly protective of iodine deficiency, suggesting that it may have been a confounder for young age as a predictor of higher urinary iodine levels.
Location, as is evident from our findings of varying urinary iodine levels according to region, is also likely to play an important role. Iodine deficiency was only identified in the Central Plateau region of Haiti, and the reasons for this may be multiple. Mountainous regions are prone to iodine deficiency due to high levels of flooding and soil erosion, exacerbated by overfarming and lack of access to seafood sources of iodine (23) . We found no significant difference in dietary habits between the 3 regions, and no dietary product listed by participants was a predictor of iodine levels. However, cooking habits such as the use of iodine-rich bouillon cubes in meals and use of iodized salt were not accounted for in our study and may be positive factors in increasing the iodine intake. Although reported weekly family income did not emerge as a predictor of urinary iodine levels, it is known that the Central Plateau is a poorer region of Haiti (24) with a potential lack of access to distributive networks for supplements and nutritious food supplies. In keeping with this theory, we also documented a lower mean weight z score and higher rates of stunting, a measure of chronic malnutrition, in the Central plateau as compared with the other 2 regions. Although weight z score was not a significant predictor of urinary iodide in an adjusted model, this evidence of poor growth in the iodine-deficient region warrants further research into additional nutritional deficiencies and collaborative treatment strategies to economize resources. In our study, females had higher median urinary levels than did males, although sex was not a significant predictor of higher urinary iodide in an adjusted multivariate model. We found no sex difference in any of the predictors of urinary iodine (breastfeeding pattern, urinary thiocyanate, urinary perchlorate, and region), suggesting that a nonmeasured variable could have led to possible sex differences. Previous similar surveys in Ethiopia, China, and Taiwan, countries with contrasting socioeconomic and demographic contexts, have focused on thyroid function status and urinary iodine levels as markers of increased iodine deficiency in children and pregnant women (13, 25, 26) . The WHO recommendations for daily iodine intake recognize that pregnant and lactating women have increased iodine requirements, which leave them at a higher risk of iodine deficiency (6, 27) . Sex differences in median urinary iodine levels in children, however, are less well understood, and they may reflect cultural differences in access to food, different physiological processing mechanisms, or differential exposure to environmental disruptors. Our study was not designed to further explore reasons for the observed differences between male and female children. Further studies on iodine deficiency in different age groups, regions, and across socioeconomic strata are required to validate our findings and explore additional factors that may affect iodine status. Cooking habits, for example, may need to be further explored, including the extent to which the use of iodized salt and bouillon cubes explain differing iodine status across regions.
Median urinary iodine levels are widely recognized to be the standard to evaluate the current iodine status of a population, as 90% of dietary intake is excreted in the urine (2, 11, (28) (29) (30) . We identified a positive association between exposure to the 2 endocrine environmental disruptors, whose direct effects on human thyroid function are best understood, and median urinary iodine levels, likely due to competitive inhibition of iodine uptake at the level of the thyroid gland and thus increased iodine excretion in the urine (11) (12) (13) . This inhibition is thought to be more potent with higher levels of iodine deficiency (11) . This may mean that median urinary iodide levels are falsely reassuring when environmental exposure to disruptors is not accounted for, particularly in areas of significant iodine deficiency. We In the mildly iodine-deficient region, thiocyanate did not predict median urinary iodide levels (data not shown), indicating a low likelihood that the degree of iodine deficiency detected is artificially mild. Furthermore, we found significantly lower levels of perchlorate, a food and water pollutant, in the mountainous Central Plateau together with low median levels of urinary iodine. This likely reflects true iodine deficiency in a region where disruptor exposure is too low to falsely elevate median urinary iodine levels. Certain limitations of our study merit comment. First, we relied on accurate self-reporting of dietary and family income data by participants, which has the potential to introduce recall bias. Although current breastfeeding, found to be a significant predictor of higher urinary iodide, is likely to be accurately reported, potential inaccuracies in reporting family income may have resulted in an inability to detect an impact of socioeconomic status on iodine status. Alternatively, use of a setting-adapted method of church-based recruitment rather than school-or clinic-based recruitment likely led to a less skewed socioeconomic and health status demographic. Second, although the WHO has provided threshold values for population urinary iodine concentration medians in children aged 6 years and older and in those under 2 years of age, thresholds have not been developed for children aged 2 to 5 years. This would have enabled comparison with age-appropriate international standards to determine levels of insufficiency. Third, although we established that urinary levels of 2 environmental disruptors are not elevated in Haiti, we identified a positive association between exposure to these 2 compounds and urinary iodide levels. However, our study was not designed to demonstrate causality or reflect long-term trends. Fourth, we did not assess exposure to and impact of other disruptors such as nitrate, which are less well understood but perhaps as important (32) . A recent study by De Groef et al. (32) suggests that nitrate may exceed perchlorate as an inhibitor of iodine uptake, and the American Academy of Pediatrics recommends that pregnant and lactating women avoid exposure to excess nitrate found in contaminated water (14) . Alternatively, having not found a single child with abnormal thyroid function in our study, nitrate exposure may not represent a significant burden affecting thyroid function in Haiti. Lastly, we did not assess potentially interdependent or additive effects of disruptors and other possible mechanisms in the body by which potential disruptors may cause iodine deficiency (11) .
In conclusion, we have documented persistent mild iodine deficiency in infants and young children in the mountainous Central Plateau region of Haiti, and iodine sufficiency in both the coastal region of St. Marc and urban region of Port-au-Prince. We did not detect moderate or severe iodine deficiency in any of the 3 regions. This finding represents an improvement in iodine status in Haiti following limited salt iodization initiatives. We report the first assessment of infants and children under the age of 7 years old in Haiti, and identified current breastfeeding, region, and exposure to 2 choice environmental disruptors as predictors of increased urinary iodide levels. Our results will help to focus public health efforts on the provision of adequate iodine supplementation in Haiti. Our study should also encourage research into other potential deficiencies and optimal methods for monitoring nutrition in these communities. Further studies will be required to validate our findings and investigate iodine deficiency in other Haitian regions and age groups. 
